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BLUNTING ON THE INTERNAT. PERFCRMANCE OF A TWO-CONE 22 =7y
CYLINDRICAL-COWL INLET AT MACH NUMBER 4.95

By Kenneth C. Weston

SUMMARY

The effect of blunting on the internsl performance of a two-cone
inlet with an internaily cylindrical cowl was Investigeted experimentally
at a Mach number of 4.95. Cowl-lip blunting resulted iIn Ilncreases In

peak pressure recovery (approximstely 112‘- counts) and critical mass-flow

ratio (approximately 3 counts), but the mass-Fflow increasses are apparently
the result of the spike shock splliage of all configurations. Decreases
in both pesk total-pressure recovery and critical mass flow resulted from
spike-tip blunting. Wave drag due to blunting is estimated.

INTRODUCTION

Considerable resesrch has been done in the supersonic inlet field
below flight Mach numbers of 4. This research has, in general, been con-
cerned with the use of sharp spike tips and cowl lips, with the exception
of a Tew investigations directed primarily at improvement of supersonic
inlet performsnce at subsonic speeds {for instance, ref. 1}. The use of
sharp leading edges at the low supersonic Mach numbers has been relatively
unchallenged because of the large drag penalties and local total-pressure
losses assoclated with a bow wave preoduced by blunting.

Consideration of the aserodynamic heating of sharp slender bodies in
the hypersonic speed range, however, quickly leads 4o the conclusion that
the structursel integrity of the leading edges of such bodies is at best
difficult to maintain. It is well known that the leading-edge heating
problem can be relieved by blunting; stagnation-point heating rates de-
crease as the Inverse square root of the radius of blunting, and the total
tip heat transfer 1s reduced accordingly. '

In relieving the heating problems through blunting, it is expected
that internsal performance may be sacrificed and drag increased. The
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obvious effect of bluntling 1s the totel-pressure loss suffered by the
stream tube traversing the shock wave in the stagnation region. Be-
cause of the curvature of the bow shock, the tobtal-pressure loss varies
from normal-shock velue along the stagnation streamline to cone or wedge
value at distances large compared with the radius of blunting. As a re-
sult, a layer of low-total-pressure alr adjacent to the body surface 1s
formed, known as the inviscid shear layer (described and snalyzed in
ref. Zs. Reference Z indlcates that frictlion and heat-transfer character-
1stics may be influenced to a considerable extent by the shear layer. IG
i1s likely that, for the inlet application, the shear layer may play a
significant role in interactions with compression surface and diffuser
adverse pressure gradients. It eppears that these interactions would be
detrimental to inlet performance. While cowl pressure drag increases
with blunting, some reduction in cowl friction drag may be obtalned be-
cause of the Influence of blunting on boundary-layer transition.

In ordexr to evaluate the effects of blunting orn internal performance
in the hypersonlc range, a test program was initiated and run in the Lewls
laboratory variable Reynolds number Jjet at a Mach number of 4.95. Total-
pressure-recovery and mass-flow data were obtalned for a range of spike
and cowl bluntnesses. Actual drags were not measured, but the magnitude
of the drag due to blunting 1s estimated.

An investigation of the effects of blunting (including drag measure-

ments) on inlet performance at a Mach number of 3.0 was corducted simul-
taneously with the present tests and 1s reported in reference 3.

SYMBOLS
A area,

CD,b drag coefficient due to blunting

Cp pressure coefflcient

M Mach number

m mags-flow rate

mg reference mass-flow rate, based on area =n(R; + rc)z

m/my  mass-flow ratio
P total pressure

P/PO total~pressure ratio

090§



5060

CI-.l baock

]

NACGA RM ES8GQ2 L3 3

P static pressure

q dynamic pressure

Re cowl radius (Gefined in fig. 6)
Ry internal cowl radius, 1.799 in.
To radius of cowl blunting (defined in fig. 6)
rg radius of splke blunbting

S surface area

6 angle (defined in fig. 6)

en nacelle angle

Subscripts:

t stagnation value

0] free-stream conditions

APPARATUS AND PROCEDURE
Inlet Geometry

In order to determine the effects of blunting on internsl inlet per-
formesnce, & two-cone fixed-geometry comparlson inlet with an internslly
cylindrical cowl was designed for a free-stream Mach number of 4.95. It
is recognized that other inlet types, particularly those employling veri-
able geometry, may provide significantly higher pressure recoveries than
the inlet selected. Nevertheless, the camplicastions implicit iIn varisble
geometry at high Mach numbers make the simplicity of the fixed-geometry
inlet attractive, at least in the early development of hypersonic engines
(ref. 4). The camparison inlet was designed with & low-drasg cowl (similar
to that of ref. 5) and employed sharp leading edges. The cone angles were
selected as those giving maximum total-pressure recovery consistent with
the requirement thet the intermally cylindrical cowl deflect the compressed
flow field through an angle of approximately 4° less than that for shock
detachment. These cone angles were a 20° half-cone angle followed by a
12° increase in angle. Centerbody and cowl coordinates are given in
Tigure 1.

Three flush centerbody boundary-layer-bleed slots were loceted in
the throat in the vicinity of the shoulder. These slots are designeted
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A, B, and C. Equally spaced holes were drilled at the bottom of the slots
connecting with the centerbody interior. Bleed air was ducted through the
centerbody and out through three centerbody support struts of the existing
model support system (see fig. 2), which were vented to free-stream static
pressure. Bleed-slot locations are given in figure 1. All data presented
here were obtained with slots B and C filled and smoothed.

The comparlson inlet allowed interchanging the blunted and sharp
cowls wilith no change in the internsl flow passage (except at the cowl
1ip). All cowls were designed so that their free-stream stagnation polnts
were 1n the same axial plane relative to the centerbody. This 1s illus~
trated 1n figure 1 by the cowls designated 2 and 3.

The comparison inlet also lncorporated a removable first cone that
could be replaced by blunted cones. These cones were identlcal except
in the blunted spherical tips, which were tangent to the 40C-included-
angle cone surface. These cones are deslgnated 2 and 3 In order of in-
creasing blunting. All tests were run with the same effective tip pro-
Jection (except those shown in fig. 3(b)); that is, the spike tips were
changed without changing the relative posltion of the centerbody and cowl.
Figure 1 shows the ratios of the spike and cowl bluntness radius to the
internal cowl radius (1.799 in.).

Experimental Procedure

The arithmetic mean of the pressures obtalned from an area-welghted
rake was taken as the diffuser-exit total pressure. The mass-flow ratio
was calculated by using a calibrated choked plug and the total-pressure
recovery assumlng no change in total pressure between rake and plug. It
should be noted that the i1deal capture area was calculated using a cap-
ture radius composed of the sum of the internal cowl radius CRi) and the

radius of blunting (rc). Thus, equal mass-flow ratios with different
cowls would result in different mass Fflows for each configuration.

The experimental tests were conducted in the NACA Lewls variable
Reynolds number jet at a Mach number of 4,95 and a simulated pressure
altitude of spproximately 88,000 feet (with the exception of one run shown
in fig. 3(a)). The tunnel total temperature was maintained at 250° £l0° F,
and the dewpoint at approximately -70° F. The test Reynolds number waes
1.66X106 based on reference inlet capture dlameter of 3.598 inches.

PERFCORMANCE OF COMPARTISON INLET
The comparison Inlet was deslgned with a cylindrical cowl to turn the

internsl flow through a shock wave in a manner similar to the inlet re-
ported 1n reference 5. It was indicated there that bleed in the inlet

09Ns
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throat In the vicinity of the centerbody shoulder was necessary to achieve
attachment of the internal cowl shock at a Mach number of 2.95. This was
not true for the present case (sharp spike and cowl) at Mach 4.95. No
combinstion of throat bleed slots or slngle slot was sufficient for shock
attachment. The ineffectiveness of the throat bleed is probably the re-
sult of the more severe pressure gradient of the internal cowl shock wave
due to the higher free-stresm Mach mummber. The statlc-pressure ratio
across the cowl-genersted shock for the comparison inlet is calculated to
be about 5.0 near the cowl, while a value of 2.9 was obtained for the in-
lets of reference 5. No bleed varistlions were tested in conjunction with
the blunted leading edges.

The effect of Reynolds number on performance of the comparison inlet
ig shown in figure 3{a). The higher unit Reynolds number results in
higher pesk pressure recovery and supercritical mess-flow ratios than the
lower Reynolds number. Inspection of the accampanying schlieren photo-
graphs indicates that this 1s indeed s boundary-layer phenomenon. At the
lower unit Reynolds number, the boundsry-layer separatlon bridging the
Junction of the first and second cones is enlarged. Thls results in for-
ward movement of the shock wave at the separation point so that i1t inter-
sects the Pfirst cone shock shead of the cowl. Such modifications of the
cowl shock can result in significant mass-flow losses, as witnessed by
the large combined spillage and bleed mass-flow ratios (1 - m/mg). The
decreased pressure recovery is not so easily explsined, but 1t appears
to be intimately associated with the thickening of the splke junction
separation. Because of these chenges of inlet performance with the change
in unit Reynolds number, 1t is apparent that the spike boundary. layer must
be carefully considered in inlet deslgn in the hypersonic regime.

The effect of variation of spike-tip projection on sharp~inlet per-
Tormance is shown in figure 3(‘b). Increasing spike-tip projection re-
sulted in decreases in both critical mess-flow ratio and peak pressure
recovery. Design tip projection is 3.840 inches.

EFFECT CF BLUNTING

Blunt-Inlet Performance

The spike tip of the comparison inlet can be replaced by & blunted
spike without changing the inlet in any other respect. Figure 4(a) shows
camarison~-inlet performance as affected by spike blunting. Splke blunt-
Ing resulted in decreased pressure recovery and supercritical mass-flow
ratio. The gdecrease in mass-flow ratio is presumsbly the result of an
increase in the slope of the initial shock in the vicinity of the cowl lip.
This change in the shock may be attribubed to dlisturbances arising from
the combined interaction of shear layer, compression-surface boundary
layer, and initlsl conical flow field.
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The variation of inlet performence with spike-tip blunting when the
blunted cowls are used is glven in Pigures 4(b§ and (c). The same trend
with splke blunting is spparent with the blunted cowls as with the sharp
cowl. TLarge performance decrements are observed in s8ll cases when splke
1l is replaced by spike 2. Additional blunting (spike 3) resulted in

little further change in inlet performance. Evldently, further spike

blunting must eventually have a more pronounced effect on inlet perform-
ance. This was observed with a splke (rs/Ri = 0.150) blunter than spike

3 1n conJunction with the blunted cowls. Unsteady flow and very poor
pressure recoverlies were obtailned In these cases (data not presented).

The data of figure 4 are rearranged in figure 5 to show the effect
of cowl blunting on inlet performance. Figure 5(&) shows pressure-
recovery - mass-flow-ratlo results when the cowl of the comparlson inlet
1s replaced by blunted cowls. Cowl blunting resulted in both increased
total-pressure recovery and mass-flow ratioc. The variation of mass-flow
ratio with cowl bluntness radius depends on the manner in which the cowl
is blunted, on the reference area chosen, and on the relatlve position
of cowl 1lip to the shocks fram the compresslion surface. In the present
tests the famlly of blunted cowls was selected so that the splke-tip
projection (for a glven spike) has a constant value. The reference area
was selected as that corresponding to the radius Ry + ro, since this
glves maximum mass-flow ratlos of unity with the tip shock inside the
cowl and, furthermore, reduces to the usual definition of capture area
with & zero radius of blunting {sharp lip). Because of the camplexity of
the flow fleld at the cowl lip, it is difficult to ascertaln the reason
for the increase in mass flow wlth increase in blunting. As a check, a
two-dimensional calculation was made based on a flow model that presumably
simulated the spike shock splllage near the cowl lip. This calculation
1s in qualitative agreement with the observed mass-flow increases. The
increases 1n mass-flow ratio would of course he impossible 1if the sharp
inlet bad captured a full stream tube.

Figures 5(b} and (c)} show the effect of cowl blunting on inlet per-
formance wilth splkes 2 and 3, respectively. The trend of performance
with the sharp spike is reaffirmed here with the blunted spikes.

Estimate of Drag Due to Blunting

No force measurements were made in the present tests, but it is of
interest to estimate the drag assoclated with cowl blunting. An estlimate
can be readlly made of the incremental wave drag coefficient due to
blunting for the simpliified case of exbernal shocks falling ipside the
cowl so that the cowl-lip pressure distribution is well represented by
the Newtonian pressure distribution. Detalls of the calculation are pre-
sented in the appendix, and the results in the form of wave drag coeffi-
clent due to blunting are plotted sgainst bluntness radius ratio in

(ataaYal
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figure 6. The flgure shows, for example, that a 4-foot-dlameter engine
with a 0.935-inch cowl bluntness radius can have an incremental drag co-
efficlent due to blunting of 0.10 at Mach 5.0. At higher flight Mach
numbers the bluntness drag coefficient increases only slightly, but per-
centagewise the drag is much more significant in terms of net thrust be-
cause of the decrease of engline thrust coefficlents with lncreasing Mach,
nunber. However, reduction in friction drag due to longer runs of laminar
boundary layer mey be obtained by cowl blunting.

SUMMARY OF RESULTS

An experimental investigation of the effects of blunting on the per-
formance of & two-cone inlet with an internsally cylindrical cowl at a
Mach number of 4.95 may be summarized as follows:

1. Spike-tip blunting resulted in reductions in peak total-pressure
recovery and mass-flow ratio.

2. Cowl blunting resulted in Increases iIn peak totel-pressure re-
covery and supercritical mass-flow ratio, but the mass-flow effect is
apparently the result of spike shock spillage.

Lewis Flight Propulsion Leboratory
National Advisory Coammittee for Aeronautlcs
Cleveland, Chio, July 10, 1958
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APPENDIX - CALCULATION OF INCREMENTAI. IRAG
COEFFICIENT DUE TO BLUNTLING

The Incremental drag coefficient due to bluntness shown In figure 6
is obtained by integreting the Newtonlan pressure dlstribution, neglecting
the centrifugal correction, over a toroldal area from the stagnation point.
From the definition of pressure-drag coefficient,

nana

CD,b=§;To~é‘(P"Po)C°59ds

and the Newtonian distribution,
Cp = Cp,t cos?e

the followlng integral is obtalned for the bluntness drag coefficlent:

Zxrc % BN
Cp,b = S f cos6(Re + r, sin 6)as

0

Evaluation of the integral and expresslon of Ap i1n terms of R, gives
the following expression for cD,b in terms of bluntness radius ratio
and oy:

Cp,b = zc_p,t[;‘g sin Oy - %@-S)Binz‘en - _l;(%i_)z (cOE4GN - l)]

For 6y = /2 (i.e., a zero external angle cowl),

oo, = 0,1 [4(E) + 35) ]

This relatlon applies only when the cowl lip is free of the inter-
ference field formed by the inlet centerbody; that is, the spike shock
must be inside the inlet. Interference of the centerbody flow field with
the cowl shock causes a decrease 1n the area of the maximum capture stream
tube as well as surface pressure changes. These effects willl result in
higher drag coefficients than those indicated.

The stagnatlion-pressure coefficlents used in flgure 6 were calculated
for air in thermodynamic equilibrium with the method of reference 6 and
the thermodynamic property cpa.r‘ts of reference 7.

onfiamama
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X
1
2
5 Bleed
sngB ]
p —
c

Reference inlet
centerbody coordinates
x Yy
0] o]
3.210 1.188
3.908 1.803
3.950 1.620
4.000 1.627
5.500 1.627
6.000 1.618
7.000 1.580
8.000 1.542
'9.000 1.492
10.000 1.430
11.000° 1.378
12.000 1.320

Spike bluntness radius

Spike rg/Ry
designation
1 (sharp) 0.001
2 .070
3 111

Cowl bluntness yradlus

Cowl ro/Ry
designation
1 (sherp) 0.001
2 .011
3 .027

Bleed slot coordinates

Slot Distance to
leading edge, in.
A 4.094
B 4.344
c 4.594

Figure 1. - Schematic dlagram of supersonic inlet with pertinent dimensions.
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Figure 2. - Supersonic inlet and model support eyetem.
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Total-pressure recovery, P/P,
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— Tunnel total Unit Reynolds
bressure, number , 8
1b/sq in. abs g1 R
— A
A 70 2.87x108
.54x10P i
.28 \4 135 5.5
| ] ]
.24 : - | | |
A\A
N S g 4
.2 |
A& ol . A
16 1 L. C-48360
(a) Effect of tunnel total pressure on inlet performance. Tip projection >
3.855 inches.
.26 | I I
@ Tip projection,
Y in.
< 3.830
O 3.840
.22 @} O 3.855
.18 ]
(@]
3
.7 .8 .9
Mass-flow ratio, m/mg
(b) Effect of tip projJection on inlet performance. Shesrp splke and cowl.
Figure 3. - Reference inlet performance. Free-stream Mach number, 4.95; -

slot A open.
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{a) CowlL 1 (sharp).
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o
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o
5 ]
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1= .20
g
'a ?
B
= # v
.16
.7 .8 .9 .7 .8 .9
Mass-flow ratio, m/mg
F

(b) Cowl 2. (c) Cowl 3.

Figure 4. - Effect of splke blunting on inlet perform-
ance. Free-stream Mach number, 4.95; slot A open;
equivalent tip projections.
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Total -pressure recovery, P/Po

Total-pressure recovery, P/Pg
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.28 T T T

Cowl r./Ry

o 1 0.001

b v 2 .011

o o 3 .027

k\\ 1 I

.20 %
ov

.16 } i t
| | l

*
i 12

i A :
1 1 1 ) : C-48362

(e) Spike 1 (sharp).

.28

o~ "

A
Rt
f‘
J

S
.

-18, .8 9 .7 .8 .9

Mass-flow ratio, m/mo

(b) Spike 2. (c) Spike 3.
Figure 5. - Effect of cowl blunting on inlet perform-

ance. Free-streem Mach number, 4.35; slot A open;
tip projection, 3.84 inches.
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Fressure dreg due to blunting, c:D,‘b

32

.24

.16

08

U1-30 d‘)i:

'cD,b ot [%(%) + %‘ _9_)2]

V. Cp,t hPesed on thermodynemic
v equilibrium behind narmal shock
| ] 1 | _I |
.C2 .04 06 .08 J10

Cowl radius :I:'&‘bio, rc/.Rc

Flgure 6. - Effect of cowl blumting on incrementsl wave drag coefficlent

due to blunting.
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